Summary: Receiver operating characteristic (ROC) analysis is usually applied in bioinformatics to evaluate the abilities of biological markers to differentiate between the presence or absence of a disease. It includes the derivation of the useful scalar performance measure area under the ROC curve for binary classification tasks. As real applications often deal with more than two classes, multicategory ROC analysis and the corresponding hypervolume under the manifold (HUM) measure have become a topic of growing interest. To support researchers in carrying out multicategory ROC analysis, we have developed two tools in different programming environments which feature user-friendly, object-oriented and flexible interfaces and enable the user to compute HUM values and plot 2D-and 3D-ROC curves. Availability: The software is freely available from our Web site
INTRODUCTION
Receiver operating characteristic (ROC) analysis as an alternative to classification accuracy has been used extensively to estimate the discriminative power of classifiers in two-class classification problems (Bradley, 1997; Fawcett, 2006; Sonego et al., 2008) . During the last decade several theoretical investigations in the field of multicategory ROC analysis have provided different approaches to calculate the hypervolume under the manifold (HUM), the equivalent to the area under the ROC curve (AUC) of binary ROC analysis in a multidimensional setting. The special case of 3-class ROC analysis is described in (Sonego et al., 2008) , where for each class the two possible misclassifications are treated equally (a so-called one-versus-rest scenario). In (Hand and Till, 2001 ) the average of all one-versus-rest AUCs is proposed as an approximation of the AUC. We recently reported a new extension of ROC analysis which uses a simple scheme to compare two or more classifiers in their abilities to differentiate among multiple categories (Li and Fine, 2008; Li and Zhou, 2009 ). This approach to multicategory ROC analysis expresses the discriminatory ability of the classifier as a HUM measure, with perfect discrimination corresponding to a HUM of 1 and the HUM of the null hypothesis to 1/n!, where n corresponds to the number of categories to be separated. Several R packages for two-class ROC analysis exist (Robin et al., 2011) , but they do not allow to take into account multiple categories. We here present two software tools that should make multicategory ROC analysis available to a broader scientific community.
HUM CALCULATOR PROGRAM
The HUM Calculator program is realized as a stand-alone software tool in the Visual Studio 2010 environment using the C# programming language. It uses the Microsoft.NET Framework class library (http://msdn.microsoft.com/en-us/ library/zw4w595w.aspx) to provide the interface and functions of the HUM Calculator. The software tool allows to perform multicategory ROC analysis, including the possibilities to load the datasets in text format, to select the classifiers (termed 'variables' in the application) and categories ('diagnoses' in the application) and to calculate the corresponding AUC values for two-class problems and HUM values for more than two categories. It is also possible to construct and visualize 2D-and 3D-ROC curves. An advanced feature of the HUM Calculator is the function 'Exhaustive search along diagnoses', that makes it possible to estimate AUC or HUM values for several predictors and for all the combinations of the defined number of categories. The software tool requires a standard Windows operating system (Windows XP, Windows 7, etc.) . It was developed and tested on a PC Intel Pentium 4 CPU, 3.00 GHz, 2.00 GB RAM. The HUM Calculator includes an extensive help file, which is accessible from the main menu and describes how the program works. See Supplementary Material for details of installation and use of the HUM Calculator to analyze a simulated dataset. The test datasets are included in the installation package.
As bioinformaticians and statisticians use the R programming language extensively, we have also developed a HUM R package *To whom correspondence should be addressed. and the corresponding Shiny web application (http://CRAN. R-project.org/package¼shiny) to provide the possibility to deploy multicategory ROC analysis functions over the web.
REALIZATION IN THE R ENVIRONMENT
The software tool in the R programming language includes the HUM R package and the Shiny application, which provides a web interface for accessing the main functions of the R package.
The HUM R package provides a consistent set of functions for computing and visualizing HUM values, for building and plotting 2D-or 3D-ROC curves, calculating optimal threshold points and classifier accuracies for the optimal thresholds (Table 1) .
The HUM R package was implemented in R, a free software environment for statistical computing and graphics (http://www. R-project.org/). The auxiliary functions 'CalcGene' and 'CalcROC' of the HUM R package are written in the Cþþ language and are integrated in R through the Rcpp package (Eddelbuettel and Francois, 2011) . These functions improve computational efficiency and shorten the computational times of the main functions.
The web application was developed using the Shiny R package, which facilitates building interactive web applications (Fig. 1) . It provides the possibility to load the datasets for the analysis and to access all functions of the HUM R package. The Shiny application features a directory called 'HUM', containing a user-interface definition in the 'ui.R' file and a server script in the 'server.R' file. See Supplementary Material for details on installation and use of HUM R package functions and the main procedures to perform multicategory ROC analysis with the Shiny application.
We believe that the HUM Calculator program and the HUM R package with the Shiny application will provide researchers, especially in the bioinformatics and biostatistics communities, the necessary tools to better interpret their results in clinical and biomedical classification studies.
The tools are offered free of charge to all users on the website http://public.ostfalia.de/*klawonn/HUM.htm and at http:// cran.r-project.org/web/packages/HUM/ (R package only). The function 'CalculateHUM_ROC' calculates the coordinates in order to plot 2D-and 3D-ROC curves. The functions 'CalcGene' and 'CalcROC' are the auxiliary functions to perform the calculation. The software package comes with extensive documentation.
Fig. 1. 3D-ROC curve in Shiny application

